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Abstract— This paper presents an optimal transmission
strategy, with simple encoding and decoding, for the two-
user broadcast Z channel. This paper provides an explicit-
form expression for the capacity region and proves that the
optimal surface can be achieved by independent encoding.
Specifically, the information messages corresponding to each
user are encoded independently and the OR of these two
streams is transmitted. Nonlinear turbo codes that pro-
vide a controlled distribution of ones and zeros are used to
demonstrate a low-complexity scheme that works close to
the optimal surface.

Index Terms— broadcast channel, broadcast Z channel, ca-
pacity region, turbo codes.

I. INTRODUCTION

Degraded-broadcast channels were first studied by Cover
in [1] and a formulation for the capacity region was estab-
lished in [2], [3] and [4]. The key idea to achieve the opti-
mal surface of the capacity region for degraded-broadcast
channels is superposition coding. In superposition coding
for degraded-broadcast channels, the data sent to the user
with the most degraded channel is encoded first. Given
the encoded bits for that user, an appropriate codebook
for the second most degraded channel user is selected, and
so forth. Hence superposition coding is in general a joint
encoding scheme. However, combining independently en-
coded streams of each user is an optimal scheme for some
broadcast channels including broadcast Gaussian channels
[1] and broadcast binary-symmetric channels[1] [2].

This paper focuses on the study of broadcast Z channels.
The Z channel is the binary-asymmetric channel shown in
Fig. 1(a). Fig. 1(b) shows a two-user broadcast Z chan-
nel. This paper provides an explicit-form expression for
the capacity region of the two-user broadcast Z channel
and proves that independent encoding with successive de-
coding can achieve this capacity region.

This paper is organized as follows. In Section II, some
definitions and notation for broadcast channels are intro-
duced. The proof that independent encoding can achieve
the optimal surface of the capacity region for the two-user
broadcast Z channel is presented in Section ITI. Nonlinear-
turbo codes, designed to achieve the optimal surface, are
presented in Section IV and simulation results are shown
in Section V. Section VI delivers the conclusions.
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Fig. 1. (a) Z channel. (b) Broadcast Z channel.

II. DEFINITIONS AND PRELIMINARIES
A. Degraded broadcast channels

The general representation of a discrete memoryless
broadcast channel is given in Fig. 2. A single signal X is
broadcast to M users through M different channels. Chan-
nel A, is a physically degraded version of channel A; and
broadcast channel X — Y7,Y5 is physically degraded if
p(y1,y2|z) = p(y1lz)p(y2ly1) [5]. A physically degraded
broadcast channel with M users is shown in Fig. 3. Since
each user decodes its received signal without collaboration,
we only need to consider the marginal transition probabil-
ities p(y1]z), p(y2|z), - - , p(yar|z) of the component chan-
nels Ay, Ay, -+, Apr. Since only the marginal distributions
affect receiver performance, a weaker notion of a stochas-
tically degraded broadcast is defined in [2] and [5].

Let A; and A5 be two channels with same input alphabet
X, output alphabet ), and )», and transition probability
p1(y1|z) and pa(ya|z) respectively. As is a degraded version
of A if there exists a transition probability ¢(ya|y1) such

that
p2(y2lz) = Z a(y2(y1)p1(ya]@).
Yy1€M1

A broadcast channel with receivers Y1,Ys---, Yy, is a
stochastically degraded broadcast channel if every com-
ponent channel A; is a degraded version of A;_; for all
t=2,---,M [2]. Since the marginal transition probabil-
ities p(y1|x), p(y2|x), -, p(ym|z) completely determine a
stochastically degraded broadcast channel, we can model
any stochastically degraded broadcast channel as a physi-
cally degraded broadcast channel with the same marginal
transition probabilities.

Theorem 1 (2] [4]) The capacity region for the two-user
degraded broadcast channel X — Y; — Y5 is the convex
hull of the closure of all (R, Rz) satisfying

Ry < I(X2;Y2) Ry < I(X;Y1]X3), (1)

for some joint distribution p(z2)p(z|x2)p(y, z|z), where the
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Fig. 2. Broadcast channel.
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Fig. 3. Physically degraded broadcast channel.

auxiliary random variable X5 has cardinality bounded by
| 2| < min {[X], D], |V}

B. The broadcast Z channel

The Z channel is a binary-asymmetric channel with
Pr{y = 0|z = 1} = 0 (see Fig. 1(a)). If symbol 1 is trans-
mitted, symbol 1 is received with probability 1. If symbol 0
is transmitted, symbol 1 is received with probability o and
symbol 0 is received with probability 1 — «. We can con-
sider a Z channel as the OR operation of the channel input
X and Bernoulli noise N with parameter « (see Fig. 4(a)).
The diagram of a two-user broadcast Z channel is shown in
Fig. 1(b). Because broadcast Z channels are stochastically
degraded, we can model any broadcast Z channel as a phys-
ically degraded broadcast Z channel as shown in Fig. 4(b),

where ap = 0‘12_;&0‘11 and as > aj.

III. OPTIMAL TRANSMISSION STRATEGY FOR THE
Two-USER BROADCAST Z CHANNEL

The communication system for the two-user broadcast
Z channel is shown in Fig. 5. In a general scheme, the
transmitter jointly encodes the independent messages Wy
and Ws. The receivers decode the noisy signals without
collaboration. Since the broadcast Z channel is stochasti-
cally degraded, its capacity region can be found directly
from Theorem 1. The capacity region for the broadcast Z
channel X — Y; — Y5 (see Fig. 6) is the convex hull of the
closure of all (Ry, Ry) satisfying

Ry < I, = I(X3;Y5)
= H((p27+ ¢2q1)(1 — a2)) —
p2H (v(1 — a2)) — 2 H (q1(1 — a2)), (2)

R1 S Il = I(X,Y1|X2)
=p(H(y(1 — 1)) —yH(1 —a1)) +
@(H(q(1 — o)) —qH(1 — o)), (3)

for some probabilities p1, 2,7y, where H(p) is the binary
entropy function, ¢ =1 —p1, g2 =1 — py and

ag=Pr{ya =1z =0} =1-(1—0a1)(1 —aa). (4)

N X Y Y,
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Fig. 4. (a) OR operation view of Z channel. (b) Physically degraded

broadcast Z channel.
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Fig. 5. Communication system for 2-user broadcast Z channel.
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A. An independent encoding scheme

The previously defined broadcast communication system
has a joint encoder which is potentially quite complex. We
propose an independent encoding scheme for the broadcast
Z channel, which can achieve the optimal surface of the ca-
pacity region. Fig. 7 shows the system diagram of the inde-
pendent encoding scheme. First the messages W; and W,
are encoded separately and independently. X; and X5 are
two binary random variables with Pr{X; = 1} = p; and
Pr{X; =0} = ¢;. Thus p;+¢; = 1,5 = 1,2. The transmit-
ter broadcasts X, which is the OR of X; and X5. We will
show that by appropriately choosing the distribution of X;
and X5, i.e. ¢1 and g2, we can achieve any transmission
rate pair in the optimal surface of the capacity region. The
corresponding information theoretic diagram is Fig. 6 with
~v = 0. Letting v = 0 in equation (2) and (3), the achievable
region for the broadcast Z channel X — Y; — Y5, with the
independent encoding scheme of Fig. 7, is the closure of all
(R1, Ry) satisfying

Ry < Ir = H(qaqi (1 — a2)) — 2 H(q: (1 — a2)),  (5)
Ry < = H(q:i(1 — 1)) — qeqn H(1 — ), (6)

for some 0 < q1,q2 < 1.
Let us prove that any transmission rate pair in the op-
timal surface of the capacity region can be achieved using

the independent encoding scheme of Fig. 7 with appropri-
ate distributions of X; and Xs.

B. Optimal transmission strategy

Each particular choice of (p1,p2,7) in Fig. 6 gives a par-
ticular transmission strategy and a rate pair (I1,I). We
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Information theoretic diagram of the system.
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Fig. 7. Optimal transmission strategy for broadcast Z channels.
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say that the optimal surface of a capacity region is the set
of all Pareto optimal points (I3, I3), which are points for
which it is impossible to increase rate I; without decreasing
rate Is or vice versa. A transmission strategy is optimal if
and only if it achieves a rate pair in the optimal surface.

Theorem 2: Every rate pair in the optimal surface of the
capacity region for a broadcast Z channel with
0 < a1 < as < 1 can be achieved with the independent
encoding scheme shown in Fig. 7. In other words, every
rate pair in the optimal surface of the capacity region can
be achieved with v = 0 in Fig. 6.

Before proving Theorem 2, we present and prove some
preliminary results. From equations (2) and (3), we can
see that the transmission strategies (1 —v,1 — pa, 1 — p1)
and (p1,p2,7) have the same transmission rate pairs. So
we can assume v < 1 —p; in the rest of the section without
loss of generality.

Theorem 3: For a broadcast Z channel with
0 < a1 < ag < 1, any transmission strategy (p1,pa,~y) with
0<py<1,0<vy<1—p;isnot optimal.

The proof is given in Appendix A.

Corollary 1: The capacity region for the broadcast Z
channel X — Y7 — Y5 is the convex hull of the achiev-
able region with the independent encoding scheme.

Proof: From Theorem 3, we know that the transmission
strategy (p1,p2,7) is optimal only if at least one of these
four equations ps = 0, po =1, v =1 —py, v = 0 is true.
When po = 0, po = 1 or v = 1 — p;, the transmission
rate for the second user, I3 in equation (2), is zero, which
means that the only optimal rate pair that can be achieved
is point B in Fig. 13. Point B can also be achieved by
the independent encoding scheme with v = 0, po = 0 and
p1 = argmax(H((1 —z)(1 — 1)) — (1 — 2)H(1 — aq)).
Thus, all the optimal rate pairs in the optimal surface of the
capacity region can be achieved by using the independent
encoding scheme with v = 0 and time sharing.

The achievable region given by equations (5) and (6)
is not in an explicit form. In order to find the explicit
form of the achievable region, we consider the following
optimization problem: maximize AI; + (1 — A\)I for any
fixed A € [0, 1].

Theorem 4: The optimal solution to the maximization
problem

maximize A+ (1 — M), (7)
I = H(q2q1 (1 — @2)) — g2 H (q1 (1 — 2))
I =q@H(@(l1—o)) = gaH(l— o)

0<¢g<1,0<q;: <1,

subject to

is unique and it is given below for any fixed A € [0,1].
Define
log(1 — (1 — asg)x
ola) = S ,
log(1 — (1 —aq)z) +log(l — (1 — ag)x)
1
¢(x) = zeH@)/z 4 3 (9)

Case 1: if o(1p(1—ay)) < A <1, then the optimal solution
is ¢5 = 1,¢f = (1 — aq) and the corresponding rate pair

(8)
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Fig. 8. (a) The capacity region and two upper bounds. (b) Point Z
can not be on the boundary of the capacity region.

is I = H(gi (1 — n)) — gt H(1 — 1), I§ = 0.
Case 2: if 0 < A < ¢(1), then the optimal solution is
g3 = ¥(1 — as),q7 = 1 and the corresponding rate pair is
If = 0,13 = H(g3(1 - 2)) — g5 H(1 — ).

Case 3: if ¢(1) < A < ¢(¥(1 — a1)), then the optimal
solution has

Alog(1 —gi (1 —a1)) = (1 = A log(1 — g7 (1 — az2)), (10)

H(qi (1= 02)) = qi (1 — az) log% =
sl (H(gr(1— o)) — gt H(1 — o). (1)

The proof is given in Appendix B. The achievable re-
gion is shown with two upper bounds in Fig. 8(a). From
case 1, we can see that point A corresponds to the largest
transmission rate for the second user. The first upper
bound is the tangent of the achievable region in point
A, and its slope is —p(1)/(1 — ¢(1)). From case 2, we
show that point B provides the largest transmission rate
for the first user. The second upper bound is the tan-
gent of the achievable region in point B, and its slope is
—p((1—a1))/(1 —e((1 —aq))). Case 3 gives us the op-
timal surface of the achievable region except points A and
B.

Given a; and a9, which completely describe a two-user
degraded broadcast Z channel, the capacity region can be
explicitly described. Cases 1 and 2 identify the corner
points of the capacity region. From Cases 1, 2, and 3 above,
the rest of the curve is described by the following range of
q1 values:

’Q[J(l — al) <q <1 (12)

The associated g2 values follow from (11). The curve of the
capacity region boundary follows from using the ¢; and ¢
values in (5) and (6). For example, for o; = 0.15 and
ag = 0.6, the range of ¢; values is 0.445 < ¢; < 1 and the
associated capacity region boundary is plotted in Fig. 12.

Finally, we prove Theorem 2.

Proof by contradiction: Suppose the point Z in Fig. 8(b)
is on the boundary of the capacity region for the broad-
cast Z channel but not in the achievable region with the
independent encoding scheme. Thus, it can be achieved
only by time sharing of points X and Y, which is in the
achievable region. Clearly, The slope of the line segment
XY is neither zero nor infinity. Suppose the slope of XY
is —k,0 < k < o0, so points X and Y provide the same
k- Ry + Ry. From Theorem 4, the optimal solution to
the maximization problem max(A; + (1 —A)I3)) is unique,
therefore neither X nor Y maximizes
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Fig. 10. 16-state nonlinear turbo code structure, with kg = 2 input
bits per trellis section.

(k-I; +I3). Thus, there exists an achievable point P on the
right upper side of the line XY and the triangle AXY P is
in the capacity region. So the point Z must not be on the
boundary of the capacity region (contradiction).O

IV. NONLINEAR-TURBO CODES FOR THE TwoO-USER
BROADCAST Z CHANNEL

In this section we show a practical implementation of the
transmission strategy for the two-user broadcast Z channel.
As proved in Section III, the optimal surface is achieved
by transmitting the OR of the encoded data of each user,
provided that the density of ones of each of these encoded
streams is chosen properly. Hence, a family of codes that
provides a controlled density of ones and zeros is required.
We propose the use of nonlinear turbo codes, introduced in
[6]. Nonlinear turbo codes are parallel concatenated trellis
codes, with kg input bits and ny output bits per trellis
section. A look-up table assigns the output label of each
branch of the trellis, so that the required ones density is
achieved. Each constituent encoder for the turbo code in
this paper is a 16-state trellis code, with kg = 2, with trellis
structure shown in Fig. 10. The output labels are assigned
via a constrained search that provides the required ones
density for each case, using the tools presented in [6] for
the Z Channel. Also, the tools presented in [6] were general
enough to be applied to the Z Channel with erasures as
perceived by user 1.

Receiver 1 uses sequential decoding as shown in Fig. 11.
Denote as X5 the decoded stream corresponding to user 2.
Since the transmitted data is @ = x1(OR)x2, whenever a
bit x5 = 1, there is no information about x1, and z; can be
considered an erasure. Hence, the input stream to Decoder
1is

. A y1 if 22 =0,
yl:e(yl”’”"’):{ e if @y=1

(13)
Therefore, Decoder 2 sees a Z Channel with erasures as
shown in Fig. 9. Note that if o7 is much smaller than as we
can use hard decoding in Decoder 2 instead of soft decoding

Fig. 11. Decoder structure for user 1.
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Fig. 12. Broadcast Z channel with crossover probabilities a; = 0.15
and ag = 0.6 for receiver 1 and 2 respectively: achievable capac-
ity region, simulated rate pairs (R, R2) and their corresponding
optimal rates.

without any loss in performance. Since the code for user 2 is
designed for a Z Channel with 0-to-1 crossover probability
1 — (1 — a2)q1, and the channel perceived by Decoder 2 in
user 1 is a Z-Channel with crossover probability 1 — (1 —
a1)q1 < 1—(1—as9)q1, the bit error rate of &5 is negligible
compared to the bit error rate of Decoder 1. In fact, in
all the simulations shown in Section V, which include 100
frame errors of user 1, none of the errors were produced by
Decoder 2.

V. RESULTS

We have simulated the transmission strategy for the
two-user broadcast Z channel with crossover probabilities
a1 = 0.15 and @y = 0.6, using nonlinear turbo codes, with
the structure shown in Fig. 10. Fig. 12 shows the achiev-
able region of the rate pairs (R, R2) on this channel, and
the simulated rate pairs. It also shows the optimal rate
pairs used to compute the ones densities of each code. For
each of these four simulated rate pairs, the loss in mutual
information from the associated optimal rate is only 0.04
bits or less in R; and only 0.02 bits or less in Re. Table 1
shows bit error rates for each rate pair, the ones densities
p1 and po, and the interleaver lengths K; and K5 used for
each code. For simplicity, we chose K7 and K5 so that the
codeword length n would be the same for user 1 and user
2, except for rate pairs Ry = 1/2 and Ry = 1/22, where
one codeword length of user 2 is twice the length of user 1.

VI. CONCLUSIONS

This paper presented an optimal transmission strategy
for the broadcast Z channel with simple encoding and de-
coding. We proved that any point in the optimal surface of
the capacity region can be achieved by independently en-
coding the messages corresponding to different users and



TABLE I
BER FOR TWO-USER BROADCAST 7Z CHANNEL WITH CROSSOVER PROBABILITIES o1 = 0.15 AND a2 = 0.6.

R, Ry P1 D2 K, K, BER, BER;

1/12 [ 1/5 | 0.106 | 0.56 | 4800 | 1700 | 254 x 10 ° | 1.24 x 10 °

1/6 | 1/6 [ 0.196 | 0.5 [ 2048 | 2048 | 7.01 x 10°% | 5.33 x 10°©

1/3 | 1/9 [ 0.336 | 0.3739 | 4608 | 1536 | 7.13 x 10=° | 6.70 x 10~°

1/2 | 1/22 ] 0.463 | 0.1979 | 5632 | 1024 | 9.27 x 107 | 3.27 x 10©
transmitting the OR of the encoded signals. Also, the dis- | R,

tributions of the outputs of each encoder that achieve the
optimal surface were provided. Nonlinear-turbo codes that
provide a controlled distribution of ones and zeros in the
codes were used to demonstrate a low-complexity scheme
that works close to the optimal surface.

APPENDICES
Appendiz A
Here we prove Theorem 3. In (2) and (3), denote
Ii(p1,p2,7) = I(X§Y1\X2)‘pl,p2’7 (14)
L(p1,p2,y) = [(Xos Ya)| (15)
Lia(p1,p2,y) = (In, )| (16)

P1,p2,Y"

The strategy (p1, p2,y) has the rate pair I 2(p1, p2,7). The
theorem is true if we can increase both I; and I when
0<pa<l,0<y<1—p.

Firstly we compare the strategies (p1, p2,7) and
(p1 — p201,p2,7 — ¢201) for a small positive number d;.

Alfj

Ii(p1—p261, p2, Y —q201) —I;(p1,p2,7)
013 (p1 — p201,p2,7 — q201) 5
1
(9(51 61=0

_1y o) (log L= — )
(—=1)7 gap2(1 J)(lg (1 —ay)
q(1—

;) .
_B ) s =19
1—q1(1—aj)) 1,J

+ log (17)
The small change of the rate pair (A1, A1) is shown
Fig. 13. Point A is the rate pair of the strategy (p1,p2,7),
the arrow A shows the small movement of the rate pair
(A1, A T,).
Secondly we compare the strategies (p1,p2,7y) and
(p1 — (v — q1)d2,p2 — G202, ) for a small positive number
Ja.

Asl; Ij(plf(V* q1)02, p2—q202,7)

—I;(p1,p2,7)

OI;(p1 — (v — q1)02, P2 — q202,7)
009

(—1)7g262{~(1 — ;) log ny—l +

1

0o
52=0

1 — ql(l — O[j)

(= e os Ty

(=1 q20:D(y(1 — o) || 1 (1 — ),
j=1,2.

a;)) log

(18)

Fig. 13. Capacity region and the changes of rate pairs.

where D(p || q) is the relative entropy between distribu-
tion p and ¢q. The arrow A, in Fig. 13 shows the small
movement of the rate pair (Aqly, Asls).

Now we show that

A1l
AL

AQIZ
Al < 0. (19)

Aqls Aol
Alll AZIl

D(y(1-az)llg1(1—a2))+log
D(y(1—cu)llgr(1—a1))+log

1—y(1—ag)
1—gq;(1—c3)
1—y(—oy)
I—q1(I-ay)
s Dh(A—az)llar(1-az))
D(y(1—a1)llgr(1—az))
Dy(—onllal—a1))  D(y(1—o2)llar(1—az))
log =2 (=a1) log L=y (1—c2)
& T=q1(i-a1) 8 T—q1(I-a2)
D(~x T
flz) = (v 1H_‘Il )

T
log =

in {z|0 <z <1}
T —Yx 1—yz
F'(w) = (log 2% log 105 — (log 1=2%)°
+ log Jl—g;(l_lw — 1_1qlw))’yﬂog %)_2 > 0. (20)
Letu=1—yzrandv =1—qz. Sowehave0 < v <u <1
and need to prove that

1—wu U
—(log —)%2+1
T, (log )" +log

is monotonically increasing

1-— 1 1
Y-y >o.

l—v'u v
(21)
Since g(v,v) = 0,V0 < v < 1, we just need to show

that% >0 V0 < v <u < 1 Fora fixed u, we
0g(u,v)
ou

g(u,v) = log u log
v

can consider ¢, (v) = as a function of v. Because

bulu) = 242

u |’U:u

2
that % < 0. Tt is easy to check that VO < v <u < 1

=0,V0 < u < 1, we only need to prove

Pg(u,v)
Oudv

B (u—v)?
w?v?(1 —u)(1 —v)

< 0. (22)

Thus, the inequality (19) is true, which means that the
slope of A; is smaller than that of Ay in Fig. 13. The



achievable shaded region is on the upper right side of point
A. Therefore, we can increase the rate pair I 2(p2, 7, p1)
together and the strategy (p2,~,p1) is not optimal.O

Appendiz B

Here we prove Theorem 4. In problem (7), the objective
function AI; 4+ (1 — A)I5 is bounded and the domain
0 < q1,q2 < 1is closed, so the maximum exists and can be
attained. First we discuss some possible optimal solutions
and then we show that only one of them is the optimum
for any fixed A between 0 and 1.
Case 0: If ¢y =0orgy=00rq; =qo =1,thenI; = I, =0
and so it can not be the optimum.
Case 1: If go =1 and 0 < gq; < 1, then I =0 and

oL 1—qi(l—ap)
oq ( 1)log a(l—aq) ( 1) (23)
1= : 24
=q = (1 - al)(eH(l—oq)/(l—al) + 1) ( )
Case 2: 1 q; =1 and 0 < gy < 1, then I; = 0 and
ol 1—go(l — a)
ofip; ( 2)log (1 — az) ( 2) (25)
] 1
e (26)

(1 — o) (eH-a2)/(1=a2) 4 1)

Case 3: If 0 < q1,¢q2 < 1, then the optimum is attained

when

O + (1 = N)p)
Iq

OAL + (1= M) |

=0
0qa

q2 q1

= Alog(1—¢i(1-a1)) = (1= A)log(1—q7(1—a2)), (27)
and
O +(1-N)1s) 0
0q2 -

= (1 X)(H(gi (1 - a2)) — g (1 — an) log LB (-02))

“AH(¢;(1—a1)) —qifH(1— o)) =0
= H(gi(1— as)) — gi(1 — ay) log 28 1z0) —
log(1—q7 (1—a2))

ey - (H(gi(1 — o)) — i H(1 — a1)). (28)

Now we are going to find which case is optimal for dif-
ferent \.

Lemma 1: Function l(q1) = log(1-qs(1-az))

log(1—gqi(1—a1))
cally decreasing in the domain 0 < ¢; < 1 when a1 < as

Lemma 2: The solution to equation (27) exists in (0, 1)
and is unique for any A with ¢(1) < A < ¢(0).

Proof: Equation (27) is equivalent to I(g}) = A/(1 — A).
From Lemma 1, {(¢1) is monotonically decreasing. There-
fore, when I(1) < A/(1 —X) < 1(0), i.e. (1) < A < p(0),
the solution g — 1*is unique and ¢} € (0,1).0

Lemma 3: The unique solution (g7, ¢3) to equation (27)
and (28) in case 3 is the optimum if ¢(1) < A < p((1 —
041)).

is monotoni-

Proof: From Lemma 2, the solution ¢ to equation (27)
is unique if (1) < A < p(¥(1 — a1)). From (28)

% * 1—q2q; (1—a
m(gz) = (H(‘h(l —az)) — ¢i(1 — az)log %) *

log(1 —¢i (1 —a1)) — (H(QT(l —a1)) —giH(1 - 041)) *

log(1 —qi(1 —az)) = 0. (29)
Clearly, m(g2) is monotonically increasing and
lim m(gs) = —o0 < 0. (30)
q2—0
p(1) <A <p(@(l—a))
= i > (1 —aq)
= m(1) > 0. (31)

That means the unique solution ¢ to equation (28) is in
the domain 0 < ¢go < 1. Furthermore, when ¢(1) < A <
o(t(1 — aq)), case 1 and case 2 can not be the optimum
because

O + (1 — N Iy)

0qo |Q2:1,Q1:w(1—a1) <0, (32)
O+ (1= M\)Is)
5‘q1 ‘q1:1,q2:'¢;(170¢2) <0. (33)

Therefore, case 3 is the optimum.O

Lemma 4: The unique solution (g5 = 1,47 = ¥(1 — 1))
in case 1 is the optimum if p(¢(1 —aq)) < A < 1.

Proof: When p(1(1—a1)) < A <1, case 3 is not optimal
because there is no solution ¢; € (0,1) to equation (27).
Case 2 is not optimal because inequality (33) holds. So
case 1 is the optimum.O

Lemma 5: The unique solution (¢5 = ¥(1 — as),qf = 1)
in case 2 is the optimum if 0 < A < ¢(1).

Proof: When 0 < X\ < (1), case 3 is not optimal because
there is no solution g2 € (0,1) to equation (28). Case 1 is
not optimal because inequality (32) holds. So case 2 is the
optimum.O

From Lemma 3,4 and 5, Theorem 4 is immediately
proved.O
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